Abstract G-protein coupled receptors for the pineal hormone melatonin have been partially cloned from rats. However, insufficient information about their cDNA sequences has hindered studies of their distribution and physiological responses to melatonin using rats as an animal model. We have cloned cDNAs of two rat membrane melatonin receptor subtypes, melatonin receptor 1a (MT1) and melatonin receptor 1b (MT2), using a rapid amplification of cDNA end (RACE) method. The rat MT1 and MT2 cDNAs encode proteins of 353 and 364 amino acids, respectively, and show 78-93% identities with the human and mouse counterparts. Stable expression of either rat MT1 or MT2 in NIH3T3 cells resulted in high affinity 2-[ 125 I]-iodomelatonin ( 125 I-Mel) binding (K d = 73.2 ± 9.0 and 73.7 ± 2.9 pM, respectively), and exhibited a similar rank order of inhibition of specific 125 I-Mel binding by five ligands (2-iodomelatonin [ melatonin [ 6-hydroxymelatonin [ luzindole [ N-acetyl-5-hydroxytryptamine). RT-PCR analysis showed that MT1 is highly expressed in the hypothalamus, lung, kidney, adrenal gland, stomach, and ovary, while MT2 is highly expressed in the hippocampus, kidney, and ovary. We also performed multi-cell RT-PCR to examine the expression of mRNAs encoding MT1 and MT2 in adult GnRH neurons. MT1 was weakly expressed in male GnRH neurons, and was less expressed in the female neurons. MT2 expression was undetectable in GnRH neurons from either sex. This study delineates the gene structures, fundamental properties, and distribution of both rat melatonin receptor subtypes, and may offer opportunities to assess the physiological significance of melatonin in rats.
Introduction
The hormone melatonin is nocturnally synthesized and released by the pineal gland, providing a neurochemical cue of day/night cycles. Melatonin regulates a variety of physiological functions, including circadian rhythms, sleep-wake cycles, and reproduction [1] . Melatonin functions via specific high-affinity G-protein coupled membrane receptors, of which there are two receptor subtypes in mammals: melatonin receptor 1a (MT1) and melatonin receptor 1b (MT2) [2, 3] .
Although cDNAs of two melatonin receptors have been cloned in humans and mice [4] [5] [6] [7] , only partial cDNA sequences have been identified in rats [4, 8, 9] . As a result, the paucity of information about complete open reading frames (ORFs), and 5 0 -and 3 0 -untranslated regions (UTRs) of rat MT1 and MT2 has hindered investigation of melatonin receptors in rats. In the post-genomic era, the ORF regions of rat membrane melatonin receptors can be deduced from the rat genome. Recently, pharmacological properties of the receptors were characterized using genomically identified ORF sequences [10] . However, genomically identified sequences lack information about UTRs that contain the signal motifs involved in posttranscriptional regulation and mRNA decay [11] [12] [13] .
This study was carried out to characterize the fundamental properties of rat melatonin receptors. We cloned cDNAs including complete ORFs, and 3 0 -and 5 0 -UTRs of rat MT1 and MT2 in a rapid amplification of cDNA end (RACE) method, and identified their gene structures. Furthermore, we confirmed specific melatonin binding to the receptors, and determined the mRNA expression patterns in the central nervous system, several peripheral tissues, and GnRH neurons by RT-PCR.
Materials and methods

Chemicals 2-[
125 I]-Iodomelatonin ( 125 I-Mel) was purchased from GE Healthcare Bio-Sciences (Fairfield, CT). Melatonin, 6-hydroxymelatonin, and N-acetyl-5-hydroxytryptamine (NAS) were obtained from Wako Chemicals (Osaka, Japan), and 2-iodomelatonin (I-Mel) and luzindole from TOCRIS bioscience (Bristol, UK).
Animals
All experiments were performed with the approval of the Nippon Medical School Animal Care Committee. Wistar rats, and transgenic rats that express enhanced green fluorescent protein (EGFP) under control of the GnRH promoter [14] were used in these studies. The rats had free access to water and food, and were kept under a 14-h light, 10-h dark cycle. Rats aged 2-3 months were used.
For total RNA isolation, rats were decapitated under ether anesthesia, and brains and peripheral organs were quickly removed and stored in liquid nitrogen until use.
Cell culture NIH3T3 (cell number JCRB0615; provided from the Health Science Research Resources Bank, Osaka, Japan), Hela, and HEK293 cells were cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM) (Sigma Chemical, St Louis, MO) supplemented with 1 mM Na pyruvate, 24 mM NaHCO 3 , 4 mM L-glutamine, 10% fetal bovine serum (JRH Biosciences, Lenexa, KS), 100 U/ml penicillin, and 0.1 mg/ml streptomycin without phenol red. For NIH3T3 cells stably expressing rat MT1 or MT2, 5 lg/ ml blasticidin S (Invitrogen, Carlsbad, CA) was added to the culture medium. The cultures were maintained at 37°C in a water-saturated atmosphere of 95% air and 5% CO 2 . Cells were routinely passaged every 3-4 days, and used in experiments within 20 passages.
For experiments measuring the I-Mel binding ability and melatonin receptor mRNA expression, cells were cultured in 75-mm 2 flasks for 3-4 days, then washed three times with phosphate-buffered saline (PBS: 137 mM NaCl, 8.10 mM Na 2 HPO 4 , 2.68 mM KCl, 1.47 mM KH 2 PO 4 , and 0.5 mM EDTA, pH 7.4), and pelleted by centrifugation at 3009g for 5 min. Cell pellets were frozen under liquid nitrogen and stored at -80°C until use.
Total RNA isolation
Total RNA was extracted using a SV Total RNA Isolation System (Promega, Madison, WI) following the manufacturer's instructions. Total RNA was then treated with Turbo DNase (RNase-free DNase I; Ambion, Austin, TX), and purified. The concentration was quantified by absorption at 260 nm.
5
0 -and 3 0 -RACEs of rat melatonin receptors
The unknown cDNA sequences including 5 0 -and 3 0 -UTRs of rat melatonin receptors were analyzed by 5 0 -and 3 0 -RACEs. 5 0 -RACE was performed using a concatemer formation method. Total RNA isolated from male rat hypothalamus was reverse-transcribed with 5 0 -phosphorylated RT primers. Reaction mixtures (final volume 25 ll) contained 10 lg of total RNA, 19 RT buffer, 1 mM dNTP mixture, 5 pmol RT primer, 20 U RNasin Plus (RNase inhibitor; Promega), and 100 U ReverTra Ace (M-MLV reverse transcriptase (RTase), RNase H (-); TOYOBO, Osaka, Japan). The reaction was carried out at 42°C for 60 min, and stopped by heating at 75°C for 15 min. Subsequently, single-strand cDNA was obtained using RNase H (Takara bio, Shiga, Japan). 5 0 -phosphorylated single-strand cDNA was concatemerized by T4 RNA ligase (Takara bio), and two-round PCR with gene-specific primers was performed to amplify the 5 0 -RACE products. The first strand cDNA for 3 0 -RACE was synthesized from male rat hypothalamus total RNA with adapter-oligo(dT) 18 primers. 3 0 -RACE fragments were amplified using two-round PCR with gene-specific primers and 3 0 -RACE adapter primers. The conditions for the first-and second-round PCRs consisted of 28 cycles of 94°C for 30 s, 60°C for 20 s and 72°C for 1 min, with an initial denaturing at 94°C for 2 min and a final elongation of 72°C for 5 min. The reaction was performed in 50 ll of reaction mixture comprising the RACE cDNAs corresponding to 1 lg of total RNA, 19 GC PCR buffer, 0.4 mM dNTP mixture, 0.4 lM forward and reverse primers, and 1.2 U LA Taq polymerase (Takara bio). The oligonucleotide primers used in RACEs are listed in Table 1 . RACE products were excised, purified, and cloned into pGEM-T-Easy vectors (Promega). The complete ORFs, and 5 0 -and 3 0 -UTRs of rat MT1 and MT2 cDNAs were identified by DNA sequencing.
Construction of NIH3T3 cells that stably express rat MT1 or MT2 Rat MT1 and MT2 cDNAs were first amplified with LA Taq polymerase, cloned into pGEM-T-Easy vectors, and sequenced. The ORFs of the receptors were then amplified from pGEM-T-Easy-rat MT1 or pGEM-T-Easy-rat MT2 vectors using the primers shown in Table 1 , subcloned into pcDNA6.2-Gatway Directional TOPO vectors (Invitrogen), and confirmed by DNA sequencing. Recombinant plasmid vectors (pcDNA6.2-rat MT1 or pcDNA6.2-rat MT2) were introduced into NIH3T3 cells using a GeneJuice Transfection Reagent (Novagen, Darmstadt, Germany), according to the manufacturer's instructions. Cells were cultured in supplemented DMEM containing 5 lg/ml blasticidin S until the resistant clones were apparent. Each colony was picked up, and the cells were dispersed and plated onto 96-well culture plates at a concentration of 0.1 cells/well. The clones were tested by the I-Mel binding assay and RT-PCR analysis, and positive clones were maintained for subsequent experiments.
I-Mel binding assay
Cell pellets were homogenized in binding buffer (50 mM Tris-HCl and 1 mM MgCl 2 ) and briefly sonicated. The protein concentration was measured using a BCA Protein Assay Reagent Kit (Pierce, Rockford, IL). Cell lysates (1 mg/ml whole cell protein) were incubated in 200 ll binding buffer with 0.1 mg/ml bovine serum albumin and 125 I-Mel for 12 h at room temperature (25°C). In saturation studies, 125 I-Mel was added at concentrations ranging from 1 to 200 pM. In competition curves with melatonin and its analogues, the radioligand concentration was 100 pM. Incubation was terminated by dilution with 5 ml of ice-cold binding buffer, followed by filtration through glass-fiber filters (Whatman, Wheeling, IL). The filters were washed four times with 5 ml binding buffer. Non-specific binding was assessed in the presence of 20 lM cold melatonin.
RT-PCR
Total RNA was reverse-transcribed into first-strand cDNA using oligo(dT) primer. Reaction mixtures (final volume 25 ll) contained 10 lg of total RNA, 19 RT buffer, 1 mM dNTP mixture, 1 lg oligo(dT) 15 (Promega), 20 U RNasin Plus (Promega), and 100 U ReverTra Ace (TOYOBO). The reaction was carried out at 42°C for 60 min, and stopped by heating at 75°C for 15 min. cDNA was treated with 4 U of RNase H at 37°C for 30 min, and stored at -20°C until use.
PCR was performed in 25 ll of reaction mixture comprising cDNA corresponding to 200 ng of total RNA, 19 PCR buffer, 0.2 mM dNTP mixture, 0.2 lM forward and reverse primers, and 0.63 U Blend Taq polymerase (TOYOBO). PCR was performed in three steps, with a PCR cycle reaction of 95°C for 30 s, 60°C for 20 s, and 72°C for 30 s, with an initial denaturing at 95°C for 2 min and a final elongation at 72°C for 5 min. The sequences of oligonucleotide primers used in RT-PCR are shown in Table 2 . To avoid amplifying any contaminating genomic DNA, the primer pairs were designed from different exons. Multi-cell RT-PCR Slice preparation and cell harvest are described in detail elsewhere [15, 16] . In brief, coronal slices (200 lm thick) containing medial septum, diagonal band of Broca, organum vasculosum of the lamina terminalis and medial preoptic area were prepared from adult male and female transgenic rats. The slice was viewed under an uplight fluorescence microscope (BX50; Olympus, Tokyo, Japan). The cytoplasmic contents were harvested from five GnRH neurons under visual control, and pooled in a thin-wall PCR tube containing RNasin Plus.
The harvested contents were heated with random hexamer primers (Promega), at 95°C for 5 min and then cooled on ice for 1 min. The reverse transcription mixture (50 ll) contained cytoplasmic contents from five cells, 19 RT buffer, 1 mM dNTP mixture, 500 ng random hexamer primers, fresh 40 U RNasin Plus, and 200 U ReverTra Ace. Reverse transcription was carried out at 30°C for 10 min and then 42°C for 45 min. After stopping the reaction by heating at 75°C for 15 min, the reaction mixture was treated with RNase H at 37°C for 30 min and stored at -80°C until use.
To confirm successful cDNA synthesis from the cytoplasmic contents of GnRH neurons, one-round PCR amplification was performed using 10 ll aliquots of the reverse transcription mixture as a template. For melatonin receptors, two-round PCR amplification was performed using 20 ll aliquots of the reverse transcription mixture as a template for the first PCR and 0.5 ll aliquots of the first PCR solution as a template for the nested PCR. The PCR conditions were 94°C for 2 min, 26 cycles for MT1 and 28 cycles for MT2 of 94°C for 30 s, 60°C for 20 s, and 72°C for 30 s, and finally 72°C for 5 min. The PCR mixture (50 ll) contained template DNA, 19 PCR buffer, 0.2 mM dNTP mixture, 0.2 lM forward and reverse primers, and 1.2 U Blend Taq polymerase. Primer sequences are shown in Table 2 . Electrophoresis PCR products (5 ll) were separated by electrophoresis on 2% agarose gels, and visualized by ethidium bromide staining under UV irradiation. Gel images were captured using a FAS-III system (TOYOBO).
DNA sequencing PCR products were extracted from agarose gels using a Wizard SV Gel and PCR Clean-up System (Promega), and cloned into pGEM-T-Easy vectors (Promega). Sequencing reactions were performed using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). Fluorescent signals were detected using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
Results
Cloning and sequencing of rat MT1 and MT2 cDNAs According to the partial cDNA sequences (accession number AF130341 for MT1 and accession number AF141863 for MT2 [9] 
0 -UTR, respectively (Fig. 1) . We identified two other forms of rat MT1 transcripts resulting from multiple polyadenylation signals (underlined in Fig. 1a) .
These sequences exhibited the typical structures of the G-protein coupled receptor family. Two subtypes of rat receptors share 54.7% identity with each other at the amino acid level. When compared with other mammalian melatonin receptors, rat MT1 shows 84.1 and 92.6% identity (Fig. 1c) , and rat MT2 exhibits 78.3% and 88.7% identity with the respective human and mouse receptors (Fig. 1d) .
Genomic organization of rat MT1 and MT2
Using a BLAT alignment program [17] , we mapped the rat MT1 and MT2 cDNA sequences on the rat genome version 3.4 (Fig. 2) . Rat MT1 gene is located at 16q11 on rat chromosome 16 and consists of two exons (Fig. 2a) . This structure is homologous to that of the human and mouse MT1 genes. Rat MT2 gene lies at 8q12 on rat chromosome 8, and consists of three exons (Fig. 2b) . The 5 0 -and 3 0 -ends of the introns of both genes conform to the GT-AG rule for splicing. We newly identified mouse MT2 cDNA containing 5 0 -and 3 0 -UTRs (accession number AB377276), and mapped it on the Build 37 mouse genome assembly (Suppl . Fig. 1A ). The rat MT2 gene has a homologous structure with the mouse gene. Using RT-PCR with specific primers designed on exon 2 and 3, we further confirmed that these MT2 genes were properly transcribed (Suppl. Fig. 1B) . In contrast, the human MT2 gene consists of two exons (accession number BC069163, data not shown).
Biochemical properties of rat MT1 and MT2
To characterize the biochemical properties of rat MT1 and MT2 using homogeneous biological materials, we constructed cell lines that stably express rat MT1 or MT2. We selected NIH3T3 cells as host cells because I-Mel binding assay and RT-PCR analysis revealed that the cells did not express mouse melatonin receptors (Suppl. Fig. 2 ).
We constructed expression vectors of rat MT1 and MT2 from the identified sequences, and developed NIH3T3 cell lines stably transfected with either rat MT1 or MT2 (Fig. 3) . Fig. 1 Structural analysis of rat melatonin receptor nucleotide and deduced amino acid sequences. cDNA sequences and deduced amino acid sequences of rat MT1 (a) and MT2 (b). The polyadenylation signals are underlined, and the polyadenylation sites are boxed. Shaded regions are transmembrane domains. We registered these two sequences as accession numbers AB377274 for rat MT1 and AB377275 for rat MT2. Alignments of the deduced rat MT1 (c) and MT2 (d) protein amino acid sequences with mouse and human counterparts. Identical amino acids are outlined. Solid lines and arrows indicate transmembrane domains and potential N-glycosylation sites, respectively. Genbank accession numbers referred are as follows: rat MT1 (rMT1), AB377274; mouse MT1 (mMT1), NM_008639; human MT1 (hMT1), NM_005958; rat MT2 (rMT2), AB377275; mouse MT2 (mMT2), AB377276; human MT1 (hMT2), NM_005959
Binding and biochemical properties were examined by stable expression of either rat MT1 or MT2 in NIH3T3 cells. Scatchard analysis of the saturation data showed that NIH3T3 cells transfected with either receptor cDNA bound 125 I-Mel with high affinity (Fig. 4) . The K d values of the cells expressing rat MT1 or MT2 were 73.2 ± 9.0 pM (mean ± SEM; n = 4 experiments) and 73.7 ± 2.9 pM (n = 4), respectively. The B max values were 27.1 ± 2.7 fmol/mg of whole cell protein for rat MT1 and 30.0 ± 2.4 fmol/mg for rat MT2.
The biochemical characteristics for inhibition of specific 125 I-Mel binding in transfected NIH3T3 cells were next examined for rat MT1 and MT2 ( Fig. 5 ; Table 3 ). The rank order of inhibition by melatonin and its analogues for rat MT1 was similar to that found for rat MT2. The rank order of inhibition was I-Mel [ melatonin [ 6-hydroxymelatonin [ luzindole [ NAS. Distribution of rat MT1 and MT2 mRNAs in rat brain subregions and peripheral organs
We determined the distribution of MT1 and MT2 mRNAs in rat brain subregions, and peripheral organs by RT-PCR (Fig. 6 ). MT1 mRNA was widely expressed and was strongly expressed in the hypothalamus, lung, kidney, adrenal gland, stomach, and ovary. The intensity of MT1 signals was faint in the cerebral cortex, hippocampus, and cerebellum but, using 36 cycles of PCR amplification, dense bands were observed (data not shown). We could also observe the wide distribution of MT2 mRNA, although a relatively large number of PCR cycles (37 or 38 cycles) were required to detect the expression. High expression of MT2 was observed in the hippocampus, kidney, and ovary. Table 3 Expression of rat MT1 and MT2 mRNAs in adult rat GnRH neurons Multi-cell RT-PCR was performed to examine the expression of mRNAs encoding MT1 and MT2 in adult male and female rat GnRH neurons (Fig. 7) . The amount of template cDNA corresponding to two GnRH neurons was subjected to RT-PCR with specific primers for MT1 and MT2 cDNAs. For GnRH, the amount of cDNA corresponding to one cell was used. Positive bands of MT1 appeared in 10.6% of the reactions for male GnRH neurons, and 2.2% for female GnRH neurons. No positive bands of MT2 were detected. GnRH was positive in all reactions. 
Discussion
In the present study, full-length cDNAs encoding two subtypes of melatonin receptors were cloned from rat hypothalamus. The deduced proteins share high amino acid identity with other mammalian melatonin receptor counterparts, and contain motifs typical of the G proteincoupled receptor family.
We mapped the cDNA sequences on the rat genome, and found that the rat MT1 and MT2 genes are comprised of two and three exons, respectively. This structure of the rat MT1 gene is homologous to that of other mammalian MT1 genes [4, 6] . On the other hand, rat MT2 gene has an unusual structure. The last exon of MT2 gene does not contain any ORFs. In general, mRNA where the stop codon is not located on the last exon is rapidly degraded in the cytoplasm through a pathway referred to as a nonsense-mediated decay [18] . The unusual structure of rat MT2 gene is not likely to be an artifact of RACE cloning because (1) the same structure is conserved in mouse (Fig. 2, Suppl. Fig. 1A ), (2) the intron boundaries of both rat and mouse MT2 genes obey the GT-AG rule, and (3) RT-PCR analysis with specific primers designed on exon 2 and 3 revealed that the transcripts are appropriately spliced (Suppl. Fig. 1B) . In contrast, the human MT2 gene has a usual structure comprised of two exons, while the hamster MT2 gene lacks functional ORFs [19] , suggesting that MT2 expression may be regulated in a species-specific manner.
Stable expression of rat melatonin receptor cDNAs in NIH3T3 cells showed that they have high affinities for 125 IMel with mean K d values of 73.2 pM for rat MT1 and 73.7 pM for rat MT2. In addition, K i values for melatonin competition with specific 125 I-Mel binding are characteristic of a high affinity melatonin receptor. The biochemical profiles of I-Mel and various melatonin analogues revealed similar profiles with other membrane melatonin receptors [5, [20] [21] [22] .
RT-PCR analysis revealed that both rat melatonin receptor mRNAs are expressed in a wide variety of tissues although they have their own preferential expression sites. Their wide distribution may delineate the diversity of responses to melatonin within the body.
MT2 is involved in several physiological functions. However, studies using rodents lacking functional MT2 genes [7, 19] and analyses of MT1 allelic variations in ewes [23, 24] suggest that MT1 is a predominant receptor in melatonin-regulated reproductive pathways. GnRH neurons are central regulators of the reproductive axis. Several lines of evidence suggest that melatonin regulates GnRH neuronal activity and GnRH secretion through afferent neurons modulating the GnRH neuronal system [25] [26] [27] . However, direct regulatory actions of melatonin on GnRH neurons are still unknown. Our previous study showed that melatonin directly modulates GABA A receptor currents in adult rat GnRH neurons in a sexually dimorphic manner [28] . In male GnRH neurons, melatonin augments the currents, suggesting a preferential expression of MT1, because MT1 and MT2 differentially modulate GABA A receptor functions [29] . We found that MT1 mRNA expression in adult GnRH neurons exhibits a sexually dimorphic pattern (Fig. 7) . This result is consistent with our previous findings. Furthermore, our recent analysis demonstrated that blocking GnRH receptor activation with the GnRH antagonist, cetrorelix, induces the expression of MT1 mRNA in immortalized GnRH-secreting neurons (GT1-7 cells). Native GnRH neurons have a functional self-stimulatory GnRH system [30] . GnRH secretion is a sexually dimorphic physiological event. Therefore, the different profiles of GnRH release between males and females may contribute to the sexually dimorphic pattern of MT1 expression in adult rat GnRH neurons via an autocrine GnRH pathway.
In conclusion, in this study, we have characterized several fundamental properties of both rat melatonin receptor subtypes, which may provide opportunities for further investigation of the physiological potential of melatonin, using rats as an animal model.
